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A basic question in adeno-associated virus (AAV) biology has been whether adenovirus (Ad) infection
provided any function which directly promoted replication of AAV DNA. Previously in vitro assays for AAV
DNA replication, using linear duplex AAV DNA as the template, uninfected or Ad-infected HeLa cell extracts,
and exogenous AAV Rep protein, demonstrated that Ad infection provides a direct helper effect for AAV DNA
replication. It was shown that the nature of this helper effect was to increase the processivity of AAV DNA
replication. Left unanswered was the question of whether this effect was the result of cellular factors whose
activity was enhanced by Ad infection or was the result of direct participation of Ad proteins in AAV DNA
replication. In this report, we show that in the in vitro assay, enhancement of processivity occurs with the
addition of either the Ad DNA-binding protein (Ad-DBP) or the human single-stranded DNA-binding protein
(replication protein A [RPA]). Clearly Ad-DBP is present after Ad infection but not before, whereas the cellular
level of RPA is not apparently affected by Ad infection. However, we have not measured possible modifications
of RPA which might occur after Ad infection and affect AAV DNA replication. When the substrate for
replication was an AAV genome inserted into a plasmid vector, RPA was not an effective substitute for Ad-DBP.
Extracts supplemented with Ad-DBP preferentially replicated AAV sequences rather than adjacent vector
sequences; in contrast, extracts supplemented with RPA preferentially replicated vector sequences.

A central feature of adeno-associated virus (AAV) biology is
that productive infection in cell culture requires coinfection by
a helper virus (either adenovirus [Ad] or herpesvirus) (re-
viewed in reference 3). The requirement for Ad or herpesvirus
is not absolute, however, since treatment of cells with geno-
toxic agents will render the cells permissive for the production
of small amounts of AAV (51–53). Presumably, therefore, Ad
and herpesvirus do not provide any unique functions which
cannot be provided, under some conditions, by the cell infected
with AAV alone. AAV gene expression is enhanced by Ad
infection (39), and open reading frame 6 of the E4 region of
Ad is important for the conversion of the single-stranded AAV
genome into a double-stranded form which is the substrate for
subsequent steps in DNA replication (12a, 12b). It has been
unknown whether Ad infection makes a further, direct contri-
bution to AAV DNA replication.

Ni et al. (34) developed an in vitro AAV DNA replication
assay in which a double-stranded AAV substrate with both
ends in a closed hairpin configuration replicated in an extract
from Ad-infected cells which had been supplemented with the
AAV Rep protein. They saw little or no replication in an
extract from uninfected HeLa cells. We have reported an assay
using open-ended linear duplex DNA in which an extract from
uninfected HeLa cells supplemented with Rep protein did
replicate AAV DNA (47). However, if an extract from Ad-
infected cells was substituted for the uninfected cell extract,
full-length replication was substantially enhanced and there
was significantly less defective product (46). There are two
conclusions from these reports. The first is that if the need for
AAV gene expression and the conversion of single-stranded to
double-stranded DNA are bypassed, AAV DNA replication

can occur in vitro. The second conclusion is that Ad infection
makes an additional direct contribution to AAV DNA repli-
cation which substantially increases the production of full-
length AAV DNA. We have further demonstrated that the
difference between the two extracts was that the Ad-infected
extract provided a helper function related to elongation during
replication (46).

This enhanced elongation could be from either stimulation
of cellular factors or the direct contribution of an Ad-encoded
protein. With respect to the latter possibility, it has been shown
previously, in vivo, that among the Ad proteins required for Ad
DNA replication, the DNA polymerase and the terminal pro-
tein make no contribution to AAV DNA replication. The data
on the Ad DNA-binding protein (Ad-DBP) have been ambig-
uous (reviewed in reference 5). AAV DNA replication is
thought to occur by a single-stranded displacement mecha-
nism. The AAV genome contains an inverted terminal repeat
which can form a hairpin and thereby serve as the primer to
initiate synthesis. At the end of each round of replication, the
newly made strand hairpins on itself to initiate a subsequent
round of replication (reviewed in reference 3). Since the viral
genome is single stranded, the first round of replication pro-
duces a matching second strand but all subsequent rounds
involve the genome-length displacement of the nontemplate
strand. This is a feature not shared by the replication mecha-
nism of the host cell, which is thought to involve simultaneous
replication of both strands. In our investigation of the failure of
processivity in in vitro AAV DNA replication in extracts from
uninfected cells, it appeared that the elongating strands were
dissociating prematurely from the template followed by tem-
plate strand switch to the displaced strand (46). Ad DNA
replication also occurs by a single-stranded displacement
mechanism (reviewed in reference 41). Thus, in its require-
ment to maintain an extensive length of displaced single-
stranded DNA in solution, AAV DNA replication shares a
basic similarity with Ad DNA replication. It seems possible
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that the direct helper effect of Ad may be related to this
common feature.

In this report, we show that the component of the Ad-
infected cell extract which supports processive replication of
AAV DNA is Ad-DBP, which has been shown to be necessary
for the processive replication of Ad DNA (25). Additionally we
show that addition of excessive amounts of the human single-
stranded DNA-binding protein (replication protein A [RPA])
to an extract from uninfected cells can also support processive
replication. Presumably it is RPA which supports AAV DNA
replication in the absence of Ad-DBP.

MATERIALS AND METHODS

Cell extracts. Replication extracts from uninfected HeLa cells and from HeLa
cells infected with Ad were prepared as described previously (16, 45) in a
modification of a procedure originally described by Wobbe et al. (50). Whole-cell
lysates were made by spinning down cells and freezing, thawing, then mixing
them with an equal volume of buffer L (100 mM Tris [pH 6.8], 200 mM dithio-
threitol, 4% sodium dodecyl sulfate, 0.2% bromophenol blue, 20% glycerol, 200
mg of phenylmethylsulfonyl fluoride per ml). The mixture was boiled for 5 min
and spun for 10 min at 12,000 3 g, and the supernatant was analyzed by
polyacrylamide gel electrophoresis and Western blotting.

Proteins. Ad-DBP purified from infected cells was a kind gift of G. Droguette
and M. Horwitz. Ad-DBP made in a baculovirus expression system was a gen-
erous gift of R. Hay (29). Escherichia coli single-stranded DNA-binding protein
(SSB) (48) and human proliferating cell nuclear antigen (3,000 U/mg of protein
[17]) were purified as described previously. RPA was purified as described
previously (19) both from HeLa cells and from E. coli expressing p11d-tRPA
(15). DNA polymerase delta (phosphocellulose pool, 40 U/mg of protein; hep-
arin-Sepharose pool, 850 U/mg of protein) and DNA replication factor C (phos-
phocellulose pool, 320 U/mg of protein; final fraction, 5,400 U/mg of protein)
were purified by a modification of the method of Lee et al. (23).

In vitro DNA replication. In vitro DNA replication and analysis of radioac-
tively labeled replication products by gel electrophoresis were performed as
described previously (47). Reactions were performed with approximately 100 mg
of cellular protein except where noted otherwise. Substrate was a BglII digest of
plasmid pAV2, except in one experiment where it was undigested pAV2, as
noted. pAV2 has been described elsewhere (22). It consists of the entire genome
of AAV2 inserted into a pBR322 derivative by means of BglII linkers. AAV
Rep68 was expressed in and purified from E. coli either as a maltose-binding
protein–Rep fusion protein (8) or as a His-tagged Rep68 fusion (consisting of the
entire Rep68 peptide sequence with six histidine residues fused to the amino
terminus [23a]). PhosphorImager (Molecular Dynamics) scanning of dried gels
was performed with ImageQuant version 3.0 software.

Antibodies. Monoclonal antibody (MAb) 37-3, a MAb to Ad-DBP, was a
generous gift of Doug Brough (9). MAb RPA34-19 was purchased from Onco-
gene Research Products (catalog no. NA18).

Immunodepletions. Equal volumes of cellular extract (20 mg/ml) and MAb
37-3 (0.9 mg/ml in 10 mM NaPO4 with 0.02% sodium azide) were mixed. The
mixture was made 50 mM in NaCl and shaken at 0°C for 1 h. Protein G-agarose
beads (2.5 mg of protein per ml; Calbiochem catalog no. 539207) were added to
10% of the volume. The mixture was shaken at 0°C for an additional hour and
spun for 3 min at 12,000 3 g, and the supernatant was brought to 10% glycerol
and stored at 280°C.

Western blots. Proteins were separated by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis on 12% gels and transferred to nitrocellulose. Filters
were blocked by incubation in 50 mM Tris (pH 7.6)–0.2 M NaCl–5% Carnation
nonfat dry milk–0.05% Tween 20 and then incubated with 10 mg of MAb
RPA34-19 in 10 ml of the same buffer. The second antibody was anti-mouse
immunoglobulin G (IgG) conjugated to alkaline phosphatase (Sigma A-4312)
used at 1:10,000 dilution.

RESULTS

Supplementation of AAV DNA replication in uninfected cell
extracts with extracts from Ad-infected cells. Previously we
had shown that extracts from Ad-infected cells were able to
replicate AAV DNA with much greater processivity than ex-
tracts from uninfected cells. To identify the components of the
Ad extract responsible for this helper activity, extracts from
Ad-infected cells were mixed with extracts from uninfected
cells. As the ratio of uninfected to infected extract was in-
creased, there was an increase in full-length replication (Fig.
1). Addition of increasing amounts of the extract from Ad-
infected cells led to a geometric increase in synthesis of full-

length DNA, which was suggestive of either an inhibitor in the
uninfected extract or a positive factor(s) in the extract from
Ad-infected cells which acts cooperatively. An inhibitor
seemed less likely because addition of uninfected cell extract to
a final fraction of 0.25 did not decrease the level of replication
below that seen using extracts from Ad-infected cells (data not
shown). This result suggested it would be reasonable to search
for helper functions by adding purified known replication com-
ponents or fractionated Ad extract to the uninfected cell ex-
tract and assaying for an increase in full-length replication.

Supplementation of AAV DNA replication in uninfected cell
extracts with purified human DNA replication proteins. Since
the only nonstructural proteins supplied by AAV are the Rep
proteins, AAV DNA replication must involve cellular and/or
adenovirus replication proteins. AAV DNA replication is
thought to proceed by a single-stranded displacement mecha-
nism (reviewed in reference 3). The major cellular proteins
which participate in the leading-strand component of cellular
DNA synthesis (which may be similar to replication by single-
stranded displacement) have been identified and cloned. Pu-
rified RPA, replication factor C, proliferating cell nuclear an-
tigen and polymerase delta were added to an extract from
uninfected HeLa cells in the replication assay (Fig. 2A). Re-
actions were performed as described in Materials and Meth-
ods, using linear duplex AAV DNA as the template and 20 mg
of extract from uninfected cells. A substantial enhancement
was seen only in reactions to which RPA (also known as human
single-stranded DNA-binding protein) had been added (lanes
6 and 7). The enhancement with the protein which had been
produced in an E. coli expression system was indistinguishable
from the enhancement using RPA which had been purified
from HeLa cells. Interestingly, E. coli single-stranded binding
protein (SSB) (lane 5) gave only a very slight enhancement of
full-length replication. Assays performed with suboptimal
amounts of added RPA which were then supplemented with
added E. coli SSB also demonstrated the inability of E. coli
SSB to enhance replication in this system (data not shown).

FIG. 1. Mixing extracts from uninfected and Ad-infected cells. Reactions
were performed and analyzed as described in Materials and Methods. DNA
replications were performed with various amounts of extract protein from either
Ad-infected or uninfected cells. Shown are relative amounts of protein from each
extract versus relative amounts of incorporation into full-length DNA.
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Previously we had shown that the fundamental block in
replication with extracts from uninfected cells involved proces-
sivity and that replication was much more processive when an
Ad-infected extract was used. If replication can proceed com-
pletely through two rounds, the duplex AAV molecule will
contain two unmethylated strands and therefore be digestible
by MboI. As shown previously, replication with an extract from
Ad-infected cells leads to the production of labeled DNA
which is largely MboI susceptible, whereas replication with an
extract from uninfected cells leads to the production of only a
small amount of labeled DNA which is MboI susceptible (Fig.
2B). Replication in an extract from uninfected cells supple-
mented with RPA leads to an increase in MboI-susceptible
full-length DNA compared to the unsupplemented, uninfected
extract, demonstrating an increase in processivity with the ad-
dition of RPA.

In contrast, when RPA was added to an extract from Ad-
infected cells, no enhancement of replication was seen (data
not shown). Rather, there was a slight decrease (30%) in full-
length replication.

Supplementation of AAV DNA replication in uninfected ex-
tracts with Ad-DBP. Ad codes for a single-stranded DNA-
binding protein (Ad-DBP) which has been shown to play an
essential role in the processivity of Ad DNA replication (25).
Because both Ad and AAV apparently replicate by a single-
stranded displacement mechanism, it seemed possible that Ad-
DBP might be playing a similar role in AAV replication in
Ad-infected cells. To test this possibility, the standard replica-
tion reaction was performed with and without the addition of
Ad-DBP purified from Ad-infected cells. Addition of Ad-DBP
led to an increase in full-length product (Fig. 3A; compare
lanes 1 and 2 with lane 3). To ensure that the increased rep-
lication was due to the Ad-DBP and not to another protein
found in Ad-infected cells which might be copurified with
Ad-DBP, we repeated the assay using purified Ad-DBP made
in a baculovirus expression system. The baculovirus protein
also gave increased replication of full-length AAV substrate

(Fig. 3B). The effect was significantly better when 1.5 mg was
used rather than 0.75 mg (a 7.2-fold increase over the un-
supplemented extract, compared with a 2.3-fold increase). This
may reflect the cooperative nature of the enhancement sug-
gested by the extract mixing experiment shown in Fig. 1. In
addition, Fig. 3B shows a decrease in the intensity of the smear
of labeled DNA of approximately 300 to 1,000 nucleotides with
the addition of AD-DBP. This is also the case when an Ad-

FIG. 2. (A) Replication of AAV DNA in an uninfected extract to which purified human DNA replication proteins were added. Reactions were performed as
described in Materials and Methods, using an extract from uninfected HeLa cells except that only 20 mg of cellular protein was included in the reaction. Reactions were
supplemented with various replication proteins: lane 1, 0.04 mg of replication factor C (final pool); lane 2, 1.0 mg of replication factor C (phosphocellulose pool); lane
3, 0.2 mg of polymerase delta (heparin-Sepharose pool); lane 4, 1.25 mg of polymerase delta (phosphocellulose pool); lane 5, 0.8 mg of E. coli SSB; lane 6, 1.0 mg of
RPA expresseed in E. coli; lane 7, 0.25 mg of RPA from HeLa cells; lane 8, 0.1 mg of proliferating cell nuclear antigen; lane 9, no added protein. (B) MboI susceptibility
of replication products. Lanes 1 and 2, ad-infected cell extract; lanes 3 and 4, uninfected cell extract; lanes 5 and 6, uninfected cell extract supplemented with RPA;
lanes 1, 3, and 5, undigested replication products; lanes 2, 4, and 6, reaction products digested with MboI. A, position of full-length duplex AAV; M, position of the
largest MboI digestion product of AAV. Size markers shown on the left in nucleotides are from a HindIII and EcoRI digestion of lambda DNA.

FIG. 3. Replication of AAV DNA in uninfected cell extracts supplemented
with Ad-DBP. (A) Replication in an extract from uninfected cells supplemented
with Ad-DBP purified from Ad-infected cells. Lane 1, 2.7 mg of Ad-DBP; lane 2,
1.3 mg of Ad-DBP, lane 3, unsupplemented. (B) Replication in an extract from
uninfected cells supplemented with Ad-DBP made in a baculovirus expression
system. Lane 1, 1.5 mg of Ad-DBP; lane 2, 0.75 mg of Ad-DBP; lane 3, unsupple-
mented. (C) MboI digest of replication products from assays performed in an
extract from uninfected cells supplemented either with RPA or Ad-DBP. Lane
1, unsupplemented; lane 2, 1.0 mg of RPA; lane 3, 1.5 mg of Ad-DBP from a
baculovirus expression system. M designates the largest MboI digestion product
of AAV. Bands labeled A and B are observed if protein is not extracted from the
reaction; both represent full-length AAV DNA, but presumably of alternative
structures, as described previously (46).

422 WARD ET AL. J. VIROL.



infected cell extract is used in place of an uninfected cell
extract. We previously characterized this heterogeneous col-
lection of DNA as short inverted repeats which resulted from
the lack of processivity in the in vitro AAV DNA replication
system using extracts from uninfected cells (46). AAV DNA
replicated in an Ad-DBP-supplemented extract from unin-
fected cells was also more susceptible to MboI than AAV DNA
replicated in the unsupplemented extract (Fig. 3C).

Immunodepletion of extracts from Ad-infected cells with an
antibody to the Ad-DBP. We have demonstrated three ways in
which the replication in vitro of full-length duplex AAV DNA
in an extract from uninfected HeLa cells can be enhanced:
supplementation with an extract from Ad-infected cells, sup-
plementation with RPA, and supplementation with Ad-DBP.
Next we wanted to determine whether the enhanced replica-
tion seen with the Ad-infected extract was at least partly at-
tributable to one or both of the two DNA-binding proteins.

Initially we immunodepleted Ad-DBP from the Ad-infected
extract by using a MAb to the N-terminal portion of Ad-DBP
(MAb 37-3). The results are shown in Fig. 4A. Lanes 1 and 2
show the effects of depleting and mock depleting an extract
from uninfected cells, respectively. The MAb actually en-
hanced replication in the uninfected extract. In the extract
from Ad-infected cells, however, the immunodepletion (lane
3) substantially reduced replication of the AAV substrate com-
pared with mock depletion (lane 4) (70% reduction). To en-
sure that MAb 37-3 was not depleting or in some other way
interfering with the activity of RPA, we repeated the experi-
ment with an extract from uninfected cells to which RPA had
been added before the immunodepletion. A comparison of the
effect of depletion on the supplemented extract with the effect
of depletion on the extract from Ad-infected cells is shown in
Fig. 4B. Lanes 1 and 2 show replication in the mock-depleted
and the immunodepleted supplemented extracts from unin-
fected cells, respectively. Immunodepletion with MAb 37-3 did
not decrease replication with the supplemented extract, just as
it did not decrease replication with the unsupplemented ex-
tract. In fact, replication is 16% higher in the immunodepleted
extract. This result shows that immunodepletion with MAb
37-3 does not interfere with the activity of RPA and also does
not interfere with some component of the replication machin-

ery which is functional only when activity is more substantial
than is seen with unsupplemented uninfected cell extract. Im-
munodepletion of the extract from Ad-infected cells (lane 4)
again leads to a substantial reduction in AAV DNA replication
(84% reduction) compared to the mock-depleted extract (lane
3).

We saw an increase in replication whenever we added the
antibody to assays in which the extract from uninfected cells
was used and believe that it is due to a slight nonspecific
enhancement from some component of the antibody buffer.

Western blots of the extracts performed with MAb 37-3
showed the presence of substantial amounts of the Ad-DBP in
the extract from Ad-infected cells but no detectable Ad-DBP
in the extract from the uninfected cells (data not shown).

Supplementation of immunodepleted extracts. To ensure
that the reduced replication seen with immunodepleted extract
was due to a depletion only of a DNA-binding protein activity
and to further ensure that the DNA-binding protein which has
been depleted was Ad-DBP and not RPA, the following was
done. Figure 5A shows one series of assays performed with the
mock-depleted (lane 1) and depleted extracts from Ad-in-
fected cells (lanes 2 to 4). Lane 2 shows the results of replica-
tion with the depleted extract alone. Lanes 3 and 4 show the
results of replication with the depleted extract which had been
supplemented with 1.5 mg of Ad-DBP made in the baculovirus
expression system and 1.0 mg of RPA made in the E. coli
expression system, respectively. Immunodepletion reduced
replication to 25% of the level of the undepleted extract. Ad-
dition of the Ad-DBP and RPA restored replication to 51 and
90%, respectively, of the undepleted level. In the case of RPA,
replication was restored to almost the same level as before
immunodepletion, but restoration was not as complete with
Ad-DBP. We have noted that in this assay, if the amounts of
Rep protein and substrate DNA are kept constant, but the
amount of cellular protein is reduced as was the case in this

FIG. 4. (A) Replication performed with extracts immunodepleted with MAb
37-3. Lanes 1 and 2, extracts from uninfected cells; lanes 3 and 4, extracts from
Ad-infected cells; lanes 1 and 3, extracts which had been immunodepleted with
MAb 37-3; lanes 2 and 4, extracts which had been mock depleted. (B) Replica-
tions performed with extracts from Ad-infected cells and extracts from unin-
fected cells supplemented with RPA. Lanes 1 and 2, extracts from uninfected
cells which had been supplemented with RPA prior to immunodepletion; lanes
3 and 4, extracts from Ad-infected cells; lanes 1 and 3, mock depletion; lanes 2
and 4, immunodepletion with MAb 37-3. All reactions were performed with
approximately 50 mg of cellular protein. A and B designate two forms of full-
length AAV.

FIG. 5. (A) Supplementation of immunodepleted extracts. Replication as-
says of AAV were performed as described in Materials and Methods in a
mock-depleted extract from Ad-infected cells (lane 1) and an MAb 37-3-de-
pleted extract from Ad-infected cells (lanes 2 to 4). After depletion, extracts were
unsupplemented (lanes 1 and 2) or supplemented with 1.5 mg of Ad-DBP (lane
3) or 1.0 mg of RPA (lane 4). (B) Supplementation of a mock-depleted extract.
Replication of AAV was performed as described in Materials and Methods in a
mock-depleted extract from Ad-infected cells. Lane 1, extract supplemented with
RPA after mock depletion; lane 2, extract not supplemented. (C) Western blot
of depleted and mock-depleted extracts from Ad-infected cells with an antibody
to the 34-kDa subunit of RPA. Lane 1, depleted extract; lane 2, mock-depleted
extract. Size markers, shown on the right, are in kilodaltons. Additional bands in
lane 1 are residual antibody from the immunodepletion, detected by the second-
ary antibody in the detection system (goat anti-mouse IgG).

VOL. 72, 1998 ROLE OF Ad-DBP IN AAV DNA REPLICATION 423



assay, the ability of Ad-DBP to supplement AAV replication is
substantially reduced for unknown reasons (data not shown).
We think that this is why added Ad-DBP does not restore
replication as completely as does added RPA. In contrast, Fig.
5B shows a replication assay performed with the mock-de-
pleted extract from Ad-infected cells alone and with the mock-
depleted extract supplemented with 1.0 mg of RPA. In the case
of the mock-depleted extract, the addition of the DNA-binding
protein gave no enhancement of replication. These results
demonstrate that it was the depletion of a DNA-binding pro-
tein activity which gave reduced replication in the immu-
nodepletion experiment.

To further ensure that immunodepletion by MAb 37-3 did
not inadvertently bring down RPA, a Western blot was per-
formed with the mock-depleted and immunodepleted extract,
using MAb RPA34-19, a MAb which recognizes the 34-kDa
subunit of RPA. From the Western blot shown in Fig. 5C, it is
apparent that the 34-kDa subunit of RPA has not been de-
creased in quantity by immunodepletion with MAb 37-3. The
two additional bands seen in the depleted lane are presumably
from MAb 37-3, which failed to bind the protein G beads in the
immunodepletion. Since these are mouse antibodies, they were
detected by the detection system which made use of an alkaline
phosphatase-conjugated goat antibody to mouse IgG.

Ad infection does not induce higher levels of RPA in infected
cells. The data that we have presented show that Ad-DBP is
responsible for at least a significant portion of the higher levels
of replication seen in extracts from Ad-infected cells. However,
increased levels of RPA might still be partly responsible for the
higher levels of replication. Either Ad infection could induce
expression of RPA or Ad infection could alter the nuclear
membrane, leading to the extraction of higher percentages of
RPA in infected cells than in an extract from uninfected cells.
To test these possibilities, we performed Western blotting on
the replication extracts made from infected and uninfected
cells and used in all of the above-described assays (Fig. 6A)
and on a whole-cell lysate made from infected and uninfected
cells. In comparing equal amounts of protein, MAb RPA34-19
detected no increase in RPA in infected cells. Apparently Ad
infection neither induces higher levels of RPA nor alters the
physiology of the cell such that RPA becomes more easily
extractable at the 28-h time point at which these extracts were
made.

Ad-DBP enhances AAV DNA replication in the context of a
plasmid substrate more efficiently than does RPA. In vitro
AAV DNA replication using either RPA or Ad-DBP was sub-
stantially equivalent in an assay measuring replication of linear
duplex AAV. We have previously reported a replication assay

in which the substrate is a plasmid in which the AAV genome
is inserted into a plasmid vector (47). Rep-dependent replica-
tion in this assay involves rescue of the AAV sequences from
the plasmid backbone as well as replication, and we think that
this combined rescue-replication is a useful model for rescue-
replication of the chromosomally integrated AAV genome. It
was noted that in this assay in which replication initiated at the
AAV origin in the context of a circular plasmid, replication of
pBR sequences rather than AAV sequences often occurred.
This is not so surprising since the initial direction of replication
from a nick at the AAV origin is necessarily outward through
the inverted terminal repeat toward the contiguous vector se-
quences. In order for AAV sequences, rather than pBR se-
quences, to be replicated, the replication complex must reverse
direction at the AAV/pBR boundary, perhaps by template
strand switching, for which we previously proposed a model
(47). Figure 7 is a schematic illustrating the two possible di-
rections for replication initiating at the AAV terminal resolu-
tion site when the AAV genome is inserted into a plasmid
vector.

When the intact plasmid pAV2 was used as the substrate for
in vitro AAV DNA replication, there was a fundamental dif-
ference between extracts from uninfected cells and extracts
from Ad-infected cells. Whereas extracts from uninfected cells
replicated pBR about as frequently as AAV, extracts from
Ad-infected cells preferentially replicated AAV. We compared
the effects of adding Ad-DBP or RPA to an uninfected extract
to those obtained with unsupplemented uninfected and Ad-
infected extracts when the substrate was the intact plasmid
pAV2 (Table 1). As expected, the extract from Ad-infected
cells gave a higher ratio of AAV to pBR replication than did
the extract from uninfected cells. As was found with the assay
using duplex AAV DNA as the substrate, both Ad-DBP and
RPA induced a substantial increase in replication. With the
addition of Ad-DBP to an assay using an intact plasmid as the
substrate, there was an AAV-to-pBR ratio which was similar to
that from the Ad-infected cell extract; however, the addition of
RPA gave the opposite result. Addition of RPA to the extract

FIG. 6. Western blots comparing levels of RPA from Ad-infected and unin-
fected cells. (A) Western blot of extracts used for replication assays. Lane 1,
extract from uninfected cells; lane 2, extract from Ad-infected cells. (B) Western
blot of whole-cell lysate. Lane 1, lysate of Ad-infected cells; lane 2, lysate of
uninfected cells. Size markers, shown on the right, are in kilodaltons.

FIG. 7. Schematic showing initiation of replication at the terminal resolution
site (trs) of AAV when the AAV genome has been inserted into a plasmid vector.
Replication can be either back into AAV sequences (1) or forward into vector
sequences (2). The shaded region denotes the 145-base inverted terminal repeat
of AAV DNA.

TABLE 1. Relative incorporation into AAV and pBR sequences in
replication reactions using intact pAV2 as the substrate

Sequence

Incorporation into full-length rescued AAV and pBRa

Uninfected Uninfected
1 RPA

Uninfected
1 Ad-DBP

Ad
infected

AAV 1.0 1.0 1.0 1.0
pBR 0.90 2.40 0.52 0.57

a Measured with a PhosphorImager, with incorporation into AAV normalized
to 1.0 in each case. Reactions were performed and analyzed as described in
Materials and Methods except that undigested pAV2 was used as the substrate.
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from uninfected cells gave an AAV-to-pBR ratio which was
substantially lower than the ratio for the uninfected extract
alone.

DISCUSSION

A basic question in AAV biology has been the nature of the
helper effect provided by Ad in productive AAV replication,
and a component of this question has been whether Ad pro-
vided any function which directly promoted replication of
AAV DNA. Previously we demonstrated that full-length rep-
lication of an open-ended, duplex AAV DNA substrate was
50-fold better in extracts made from Ad-infected cells supple-
mented with the AAV Rep protein than in Rep-supplemented
extracts made from uninfected cells. A closer examination of
replication in the two extracts demonstrated that initiation in
each was approximately equivalent but that in the extract from
uninfected cells, most replication events led to the dissociation
of the elongating strand from the template strand after a few
hundred bases. The goal of the studies described in this report
was to determine whether the enhancement of processivity was
the result of cellular factors whose activity was stimulated by
Ad infection or was the result of an Ad protein(s) participating
directly in AAV DNA replication.

The data presented demonstrate that the addition of either
the human RPA or the Ad-DBP to an extract from uninfected
cells supports enhanced AAV DNA replication. The enhance-
ment in both cases was associated with an increase in proces-
sivity as demonstrated by MboI susceptibility and the dis-
appearance of short replication products characteristic of
displacement of the elongating strand from the template. Pre-
viously we had shown that replication of short substrate mol-
ecules in extracts from uninfected cells gave almost as much
full-length product as replication of short substrates in extracts
from Ad-infected cells, which was consistent with the hypoth-
esis that the difference between the two extracts reflected a
difference in processivity. In agreement with these results,
while RPA and Ad-DBP each increased full-length replication
of the short substrates, they did so to a much lesser extent than
for longer wild-type-length substrates (data not shown). To
show that the abundant single-stranded binding activity which
promotes more efficient replication was already present in the
extract from Ad-infected cells, we added RPA to this extract
and saw no enhancement. The finding that Ad DNA replica-
tion takes place in an environment of increased single-stranded
binding activity and that AAV replication can be enhanced by
supplying an excess of this activity is not an unexpected result.
In normal cellular replication, the displaced strand is believed
to be incorporated immediately into the lagging-strand repli-
cation complex, while in both Ad and AAV replication there
presumably are significant lengths of displaced, single-stranded
DNA.

One possible mechanism for enhancement of single-
stranded binding activity upon Ad infection is an enhancement
of cellular single-stranded binding activity. We looked for an
increase in absolute amounts of RPA both in the replication
extract and in whole-cell lysates of infected cells. By Western
blot analysis, we saw no increase after Ad infection. Also, the
relative amount of RPA compared to total protein was approx-
imately the same in the replication extracts as in the total-cell
lysate. Recently it has been shown (31) that the assembly of the
intact RPA from its three components is a cell cycle-dependent
phenomenon. Assembly of the complete RPA is necessary for
RPA support of DNA replication (12, 15, 18). In addition,
phosphorylation of RPA has been shown to be a cell cycle-
dependent phenomenon (10, 11). The phosphorylation state of

RPA may play a role in the modulation of DNA replication in
cells (13). We have not measured what fraction of the compo-
nents is assembled into the complete RPA or the phosphory-
lation status of the RPA in our extracts. We do not think,
however, that an Ad-induced assembly or phosphorylation of
RPA plays a significant role in AAV DNA replication in our
assay, because the amount of added RPA which achieved stim-
ulation comparable to maximally effective amounts of Ad-DBP
or that seen in the infected cell extract was 10-fold that of RPA
naturally present in the extracts. Another possibility for en-
hancement of single-stranded binding activity is Ad recruit-
ment of RPA into replication centers within the nucleus. It has
been shown that during cellular DNA replication, RPA is
found concentrated in replication foci (1, 4, 21, 31). It has also
been shown that during Ad DNA replication, Ad-DBP is con-
centrated at replication foci (30, 37, 44). This of course raises
the available concentrations of these components in a way
which is hard to mimic in a soluble replication system. Addi-
tionally, it is possible the Ad infection affects the level of
activity of a single-stranded DNA-binding protein other than
RPA. It has been noted that a second cellular single-stranded
DNA-binding protein (PC4) is capable of playing a role in the
simian virus 40 in vitro replication system (35).

The second possible mechanism for enhancement is Ad-
DBP, which is synthesized early in infection and is present in
large amounts. This protein has been shown to play several
roles in Ad DNA replication (reviewed in references 14 and
43) and, in particular, is essential for the elongation step (25).
When it was added to an extract from uninfected cells, there
was a significant enhancement of AAV DNA replication in our
assay. As with RPA, both the Ad-DBP purified from infected
cells and that made in an expression system enhanced replica-
tion, making it unlikely that the effect is due to a second factor
copurifying with Ad-DBP.

Immunodepletion of the infected cell extract with an anti-
body to Ad-DBP substantially reduced the ability of these
extracts to support AAV DNA replication. The restoration of
replication capacity by the addition of either Ad-DBP or RPA
(both produced in expression systems) to the immunodepleted
extract demonstrated that only a single-stranded binding activ-
ity had been depleted. The controls showing that RPA was
unaffected by the immunodepletion demonstrated that what-
ever effect Ad infection might have on endogenous RPA ac-
tivity, the primary single-stranded binding protein support for
AAV DNA replication in the Ad-infected extract is supplied by
Ad-DBP. It is interesting that Weitzman et al. (49) have shown
that in Ad-AAV-coinfected cells, AAV DNA is recruited into
Ad replication foci. In particular, they have shown colocaliza-
tion between Ad-DBP and AAV DNA and between Ad-DBP
and the AAV Rep protein. Although our data do not abso-
lutely exclude a role for Ad-induced enhancement of endoge-
nous single-stranded binding protein activity, the presence of
large amounts of Ad-DBP in the infected cell (concentrated at
the foci containing replicating AAV DNA) and its ability to
support AAV DNA replication make it likely that this protein
plays an important role in AAV DNA replication in the cell as
we have shown that it does in the extract made from these cells.

We noted one substantial difference between the two pro-
teins with regard to the ability to support in vitro AAV DNA
replication. When the substrate for replication was not the
isolated duplex form of the AAV genome but rather the AAV
genome inserted into a plasmid vector, extracts from unin-
fected cells supplemented with RPA preferentially replicated
adjacent vector sequences rather than AAV sequences. In con-
trast, when the same extract was supplemented instead with
Ad-DBP, replication was now preferentially of AAV se-
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quences. In this respect, supplementation of the uninfected
extract with Ad-DBP gave replication quite similar to that seen
with the extract from Ad-infected cells, while supplementation
of the uninfected extract with RPA was quite dissimilar. This
last result supports the tentative conclusion that Ad-DBP plays
a primary role in AAV DNA replication and suggests that
Ad-DBP may play an important role in the excision and rep-
lication of an integrated genome upon Ad infection of latently
infected cells.

It is interesting to speculate on what might be the source of
this difference. Previously (47) we suggested a model to explain
how AAV replication turns back on itself in the plasmid con-
text. In that model, when the replication complex passes
through the inverted terminal repeat, the now separated DNA
strands of the original template may fold up into a hairpin
conformation, thereby displacing the newly synthesized strand
and its associated replication complex. The newly made strand
is now free to fold on itself and replicate back into AAV. This
model suggests that replication back into AAV is dependent
on self-base pairing within each strand and that replication
with Ad-DBP allows self-pairing more readily than does rep-
lication with RPA.

There is an extensive and somewhat ambiguous literature on
the possible role of Ad-DBP on AAV replication (reviewed in
reference 5). It was reported that temperature-sensitive muta-
tions in the E2A gene (which codes for Ad-DBP) caused two-
to fivefold-reduced synthesis of AAV DNA when this Ad was
used as the helper for AAV at the nonpermissive temperature
(28). In contrast, other reports characterized the same mutants
as efficient helpers (26, 42). Further investigation of the best-
characterized temperature-sensitive E2A mutant (Adts125)
seemed to show that synthesis of replicative-form AAV DNA
was normal at the nonpermissive temperature, and the de-
crease in production of infectious particles was due only to
other effects of the E2A mutation (27).

Two sets of more definitive experiments have been done
more recently. Kitchingman and colleagues (33, 38) con-
structed a series of point mutants in Ad-DBP, including several
targeted to the putative single-stranded DNA binding domain.
When transfected into AAV-infected Cos cells, several of
these mutants, especially those targeted to the putative DNA
binding site, supported almost no synthesis of AAV DNA. In
the second set of experiments, Carter et al., making use of a
cell line which expresses the E2a gene (20), produced Ad
which makes no detectable Ad-DBP. With this mutant used as
a helper, AAV DNA replication was reduced severalfold (6).
Both sets of experiments imply a role for Ad-DBP in AAV
DNA replication. The much greater effect seen with several of
the mutants in the first set of experiments can probably best be
explained by hypothesizing that these mutants were demon-
strating a dominant negative effect. There would of course be
no such effect in the second set of experiments, since there was
no Ad-DBP; in these experiments, the AAV DNA replication
which was seen was most likely supported by the cell’s endog-
enous RPA. We think that our results are not inconsistent with
the last two sets of experiments.

The requirement for single-stranded DNA-binding protein
stimulation in this assay seems specific since E. coli SSB gave
no enhancement. If the requirement is specific, it is unexpected
that two proteins as dissimilar in sequence as the human and
Ad single-stranded binding proteins both support replication.
Earlier experiments with mutants in the Ad pol gene (reviewed
in reference 5) demonstrated that a cellular polymerase repli-
cated AAV DNA, and in this work the supplemented extracts
were from uninfected cells; therefore, the replication machin-
ery must have been cellular. It is consequently not surprising

that the human protein RPA supported replication. What is
somewhat unexpected is that Ad-DBP supports elongation in
what is essentially a cellular replication system. Since Ad has its
own polymerase and apparently does not utilize a helicase,
there would be no selection for Ad-DBP to cooperate with the
cellular replication components. NF I and NF III are cellular
components involved in Ad DNA replication but only in initi-
ation (32, 36), while the enhancement described in this report
is due to elongation. Stimulation of polymerase delta replica-
tion by Ad-DBP has been observed previously, but in an assay
in which all single-stranded DNA-binding proteins tested gave
stimulation (18). Presumably, therefore, in that assay there was
no specific protein-protein interaction.

A possibility for further investigation, therefore, is that with
respect to the enhanced elongation that we have described,
both Ad-DBP and RPA interact with an AAV protein which
remains a component of the replication complex. The Rep
protein might remain a continuous component of the replica-
tion complex, in its role as a helicase. It is reasonable that the
AAV Rep protein might have become adapted to both cellular
and Ad replication components. The possible role of the Rep
protein as a helicase for AAV DNA replication is consistent
with previous characterization of Rep as a helicase (16b) and
with the data of this study which suggest that one of the com-
ponents of the replication complex must be able to interact
specifically with both Ad-DBP and RPA.

The conclusions of this work with regard to the role of
single-stranded DNA-binding proteins in AAV DNA repli-
cation may help to reconcile two apparently paradoxical ob-
servations. Exposure of cells to ionizing radiation and other
genotoxic agents renders them permissive for AAV DNA
replication (without helper virus) (51–53). Similar treatment
also enhances AAV vector transgene expression (2, 40). While
this may in part be caused by an increased amount of double-
stranded transcriptional template, it has also been suggested
that prolonged transgene expression may be a consequence of
enhanced vector integration (40). Perhaps DNA replication
induced by radiation is, at least initially, less processive than
that induced by Ad coinfection. As mentioned above, changes
in the replicative capacity of cells have been associated with
changes in the phosphorylation and assembly of RPA, and
such changes can be induced by DNA-damaging agents. For
example, it has been shown that UV light-induced DNA syn-
thesis arrest is mediated at least in part through transient
phosphorylation-related alterations in RPA which also render
the protein temporarily nonfunctional in the simian virus 40 in
vitro DNA replication assay (7). Replication in the context of
an inactive RPA might involve frequent dissociation of the
elongating strand, which could foster integration. It might be
informative to investigate whether there is a correlation be-
tween those DNA-damaging and synthesis-inhibiting agents
which give higher transduction efficiencies and those which
change the functioning of RPA.
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